a r t I C l e S Dendritic arbors adopt diverse branched morphologies of varying complexity that are characteristic for a given neuron type 1,2 . The organization of the dendritic arbors is fundamental to the connectivity and function of a neuron, determining both the potential receptive field and the sampling and processing of signals in that field 3 . For example, in the mammalian retina, there are about 12 types of retinal ganglion cells (RGCs) and 30 types of amacrine cells 1 . Each RGC and amacrine cell type exhibits a characteristic combination of dendritic field size, branch complexity and dendritic targeting area. An essential step in the development of these complex dendrite morphologies is the regulation of dendrite branching.
a r t I C l e S We provide additional evidence supporting this model, which expands the breadth of known functions of LRR proteins in nervous system development and demonstrates the importance of cell-surface interactions in controlling dendrite branching.
RESULTS

Neuronally expressed transmembrane LRR proteins
In C. elegans, 17 genes are predicted to encode type-1 transmembrane proteins with extracellular LRR domains 22 . To determine the expression and localization patterns of these LRR proteins, we systematically generated tagged transgenes using a precise fosmid recombineering technique that preserves upstream, downstream and intronic genome sequences 28 (Supplementary Fig. 1 ). This approach allowed us to accurately determine the in vivo expression of these proteins, as we maintained all of the likely regulatory sequences in the tagged transgene. Using this strategy, we identified six transmembrane LRR proteins that were expressed predominantly in the nervous system (Supplementary Table 1 ).
When examining these expression patterns, we noted that the previously uncharacterized gene T01G9.3, which we have named dma-1, was expressed in a unique subset of neurons. dma-1 is predicted to encode a 603 amino acid transmembrane protein with an extracellular region composed of 15 LRR motifs and a short intracellular region (73 amino acids) with no obvious domains ( Fig. 1a) . Sustained expression of DMA-1 was found most prominently in two pairs of sensory neurons, PVD and FLP (Fig. 1b,c) . Notably, PVD and FLP neurons are by far the most highly branched neurons in C. elegans, extending elaborate dendrite arbors that envelop the body and head, respectively 18, 19, 29 . The remaining 298 neurons in C. elegans contain few or no branches. Expression of DMA-1 was detected in PVD neurons immediately after the cells were born during the L2 larval stage, but before extensive branching of these neurons had initiated (Supplementary Fig. 2a ). DMA-1 was also detected transiently in other head neurons (including the SIA, SIB, SMB and/or SMD classes of neurons based on the presence of processes along the sublateral cords), ventral cord neurons and the vulva during larval and early adult stages ( Supplementary  Fig. 2b-d ) This provocative expression pattern of DMA-1 in primarily PVD and FLP prompted us to investigate potential roles for dma-1 in dendrite branching and morphogenesis.
dma-1 mutants are defective in dendrite morphogenesis We examined PVD morphology using a cell-specific marker (ser2prom3ømyrGFP) that clearly labeled the entire neuron ( Fig. 2a) . PVD neurons (PVDR and PVDL) are generated post-embryonically in the lateral posterior body during the L2 larval stage. Only recently has the extent of dendritic branching in PVD been appreciated 18, 19, 29, 30 . The neurons send out three primary processes: anteriorly and posteriorly directed dendritic processes, which run laterally along the worm body, and a ventrally directed axon, which enters the ventral nerve cord as a commissure and then migrates anteriorly along the nerve cord. During the subsequent larval stages (late L2-L4), a series of orthogonal secondary, tertiary and quaternary level branches emerge, resulting in an array of branched structural units resembling candelabras that decorate the initial primary dendritic processes ( Fig. 2b and Supplementary Fig. 3a) . Secondary processes can branch before reaching the tertiary level, creating secondary prime branches. Multiple organizing principles seen in other models of dendritic branching, such as Drosophila melanogaster dendritic arborization neurons, are evident in the development of PVD, including regions of restricted branching, self-avoidance between sister dendrites, and rough tiling between PVD and FLP branches 19 . In PVD, the frequency of secondary prime branching between the primary and tertiary levels is low, and adjacent tertiary processes do not overlap even as they grow toward each other ( Fig. 2b) . To determine the role of dma-1 in PVD grow dendrite development, we generated a null allele, wy686, by deleting a region of the genome from ~3 kb upstream of the dma-1 start site to the 3′ end of the gene using the recently developed MosDel technique 31 . When we crossed the PVD marker into the dma-1(wy686) mutant background strain and examined L4 worms, we observed a fully penetrant dendrite branching phenotype (Fig. 2c) . Although the anterior primary dendritic process showed normal outgrowth in the majority of worms (the remaining worms displayed some reduction in dendrite length; Supplementary Fig. 3b ), candelabra structures never developed along the primary branch. Secondary branches grew minimally and often branched and/or appeared to be fused with adjacent secondary branches before reaching the tertiary level. Tertiary and quaternary branches were largely absent. The posterior primary dendritic process exhibited a similar loss of candelabra formation and highly penetrant growth defects ( Supplementary Fig. 3c ). Notably, the ventral axon appeared to be morphologically normal, suggesting that dma-1 is specifically required for development of dendrites. dma-1 knockdown by feeding RNA interference (RNAi) caused similar dendrite branching phenotypes in ~50% of the worms (Supplementary Fig. 4 ).
The qualitative defect in dendrite morphologies that we observed in dma-1(wy686) mutants could be a result of decreases in the amount of secondary branching and/or aberrant outgrowth of these secondary branches. To quantitatively measure these effects, we chose to study mid-L3 larval stage worms. By mid-L3, in wild-type PVD neurons, stable secondary branches had developed and were in the process of tertiary and quaternary branch elaboration ( Supplementary Fig. 2a ). As a result, this time point offers high resolution for observing defects in secondary branch formation and outgrowth, allowing us to easily measure both the frequency and length of secondary branches ( Fig. 2d,e ). We found that, in dma-1(wy686) worms, the frequency of secondary branches decreased by 44% compared with wild type. Furthermore, the average length of secondary branches decreased by 47% ( Fig. 2f,g) . Thus, the abnormal dendrite morphology in dma-1(wy686) is a result of a combination of decreased levels of secondary branching as well as decreased outgrowth of these secondary processes, which results in the complete loss of higher order branches.
DMA-1 cell autonomously regulates dendrite morphogenesis
Our expression analysis revealed that dma-1 is strongly expressed in PVD and not in neighboring neurons or tissue, suggesting that DMA-1 functions cell autonomously in PVD to promote branching. a r t I C l e S Consistent with this model, we could rescue the PVD morphology defects in dma-1(wy686) worms by expressing dma-1 cDNA from a PVD-specific promoter ( Fig. 3a,b) . We generated two lines in which ~80% of worms demonstrated at least partial rescue ( Fig. 3c) . In fully rescued worms (56 and 61%), dendrite outgrowth, dendrite branching and formation of candelabra structures were indistinguishable from wild type, indicating that dma-1 acts cell autonomously in PVD neurons to promote dendrite branching and growth.
To determine the subcellular localization of dma-1 in PVD, we expressed a GFP-tagged dma-1 transgene using a PVD-specific promoter ( Fig. 3d) . All of the dendritic processes were labeled with this tagged protein and single slice imaging of the cell body confirmed that DMA-1-GFP was present on the cell surface ( Supplementary Fig. 5 ). We also observed numerous bright puncta in the cell body and dendritic processes. Notably, the PVD axon was not well labeled by DMA-1-GFP, indicating that DMA-1 is a dendrite-specific protein, consistent with DMA-1 being directly involved in regulating dendrite morphogenesis.
Similar to PVD, the FLP neurons are highly branched ( Fig. 4a ) and express dma-1 (Fig. 1c) . We found that FLP branching was severely compromised in the dma-1(wy686) mutants ( Fig. 4b ) and that this phenotype could be rescued by FLP-specific expression of dma-1 ( Fig. 4c and Supplementary Fig. 6 ). Thus, dma-1 functions cell autonomously in both sets of highly branched neurons in worms to promote arborization.
DMA-1 overexpression causes excessive dendrite branching
To determine whether the activity of DMA-1 is rate-limiting for dendritic branching, we examined the effects of dma-1 overexpression in wild-type worms. We found that dma-1 overexpression resulted in excessive branching of PVD ( Fig. 5a,b) . Instead of the well-arrayed candelabra structures found in wild types, worms overexpressing dma-1 developed tangled networks of dendritic branches. Although the general organization of primary, secondary, tertiary and quaternary level branches could be distinguished, uncontrolled dendrite branching and growth were evident. The frequency of secondary branching along the primary processes increased by 58%. The amount of secondary prime branching in the regions between the primary and tertiary processes increased approximately sevenfold ( Fig. 5c,d) . a r t I C l e S The majority of these secondary and secondary prime processes did not grow orthogonally to the primary processes, indicating that these branches were not properly guided to the tertiary branch level. Finally, the characteristic self-avoidance of sister dendrites seen in wild-type worms was lost in worms overexpressing dma-1. Secondary and secondary prime processes often intersected and/or fused, whereas almost all tertiary processes overlapped with adjacent tertiary processes ( Fig. 5b) .
To quantify this loss of self-avoidance, we calculated an avoidance index by comparing the number of visible gaps between tertiary branches to the number of candelabra in a given worm (Fig. 5e) .
In wild-type worms, this ratio is ~1 (1.00 ± 0.02, mean ± s.e.m.), as there is a gap between each candelabra. As tertiary branches overlap, the avoidance index decreases. In worms overexpressing dma-1, we observed a marked reduction in the avoidance index (0.20 ± 0.04, mean ± s.e.m.) demonstrating a severe defect in tertiary selfavoidance. Expression of a truncated version of DMA-1 that lacks the transmembrane and cytoplasmic domains (dma-1∆tm) from a PVD-specific promoter did not rescue PVD morphology defects in dma-1(wy686) worms and did not result in overbranching in wildtype worms, indicating that the transmembrane domain of DMA-1 is required for its function in PVD branching (data not shown).
Ectopic expression of DMA-1 induces branching
Consistent with the results of our loss-of-function experiments, the overexpression phenotypes indicate that dma-1 is important for the activation of pathways involved in dendrite branching and growth. To further test this hypothesis, we asked whether expression of dma-1 was sufficient to induce branching in neurons that normally do not branch extensively. We chose two sets of sensory neurons, PDE and PLM, that display simple architectures with a single branch point (demonstrating that they have the potential to branch), that do not express detectable levels of dma-1, and that send out processes that are closely positioned to PVD processes so that the extracellular environment is likely to be conducive to DMA-1 receptor activation (Fig. 6) . In both cases, we found that cell-specific expression of dma-1 resulted in ectopic branching of these neurons in 25-30% of worms ( Fig. 6b-g) .
In PDE neurons, orthogonal ectopic branches appeared at a stereotyped position in the commissure of PDE, corresponding to the region where tertiary level branches emerge in PVD (Fig. 6c,f) , suggesting that an activating ligand is localized to discrete locations in the worm. In PLM, ectopic branches were seen along the sublateral process, which ran parallel to tertiary processes of PVD ( Fig. 6e,g) . Thus, in morphologically simple neurons neighboring PVD, ectopic expression of dma-1 was sufficient to activate branching pathways in certain extracellular environments. Expression of dma-1∆tm in PDE or PLM did not result in ectopic branching (multiple transgenic lines tested), indicating that the ectopic branching observed in PDE and PLM requires functional DMA-1 and is not simply a result of overexpression of a nonspecific LRR protein (Fig. 6d,g) . Ectopic expression of full-length dma-1 in OLL head neurons did not result in increased dendritic complexity in these neurons, supporting the hypothesis that activation of DMA-1 is context dependent in the worm (data not shown).
Loss of dma-1 causes defects in harsh touch response PVD has been shown to be involved in responding to multiple stimuli, including strong mechanical stimulation (harsh touch) 32, 33 . The similarity in form and function between PVD and multi-dendritic nociceptors from other organisms suggests that the highly branched dendritic morphology of PVD is important for its ability to sense stimuli. Given that dma-1 mutant worms had greatly reduced PVD branching, we tested whether the loss of dma-1 also results in a defect in PVD sensory function. a r t I C l e S Worms respond to prodding in the midsection of the body (vulva harsh touch) by initiating forward or backwards locomotion. This behavior is dependent on PVD and the touch receptor neurons (ALM, AVM, PLM and PVM). PVD function is typically assessed in a mec-4 mutant background, which lacks functioning touch receptor neurons. As controls, we found that mec- 4(u253) and dma-1(wy686) single mutant worms had wild-type responses to harsh touch (~90% of worms initiate backing), whereas only 20% of mec-3(e1338) mutant worms, which lack function in both PVD and the touch receptor neurons, responded to harsh touch (Fig. 7) . Additional neurons involved in sensing harsh touch likely account for the remaining response measured in mec-3(e1338) worms 33 . Figure 7 dma-1 mutants display defects in response to harsh touch. Worms with the indicated genotypes were assayed for response to harsh touch. The mec-4(u253) mutation disabled the touch receptor neurons, allowing for the function of PVD in the harsh touch response to be isolated and assayed alone. As controls, mec-4(u253) and dma-1(wy686) single mutants responded similarly to wild type. mec-4(u253); dma-1(wy686) double mutant worms demonstrated a significant defect in harsh touch response. As a control, the mec-3(e1338) mutation disabled both the touch receptor neurons and PVD. Cell-specific expression of dma-1 in PVD partially rescued the sensory defect detected in mec-4(u253); dma-1(wy686) double mutant worms. ***P < 0.001, χ 2 test. a r t I C l e S initiate backing). Expression of dma-1 from a PVD-specific promoter in dma-1(wy686); mec-4(u253) double mutant worms partially rescued the sensory defect in these worms, indicating that DMA-1 functions cell autonomously in PVD to affect the response to harsh touch, which is consistent with the hypothesis that the dendrite morphology of PVD is critical for determining both the sensory input to the neuron and its function (Fig. 7) . The lack of complete rescue of the harsh touch response defect in these worms is consistent with partial rescue of the PVD morphology defect in worms expressing PVD-specific DMA-1.
DISCUSSION
Using a systematic fosmid-tagging approach to simultaneously characterize both expression and subcellular localization patterns, we endeavored to identify the genomic complement of cell-surface LRR receptor proteins that are important for the development and function of the nervous system. In addition to determining which transmembrane LRR proteins are expressed in the nervous system, we sought to use the precise identity of the neurons in these expression patterns to deduce aspects of the protein function. In the case of DMA-1, the unique expression pattern of the protein provided insight into its role in regulating dendrite branching. A pattern of sustained expression in primarily PVD and FLP has not been previously reported for any other gene in C. elegans (http:// genome.sfu.ca/gexplore/) 34 . Genes involved in mechanosensation, such as mec-3 and mec-10, are expressed in PVD and FLP, as well as in the six touch receptor neurons (ALML, ALMR, PLML, PLMR, AVM and PVM), suggesting that DMA-1 is not involved in mechanosensation in general. Instead, this pattern suggests that DMA-1 is involved in the property unique to PVD and FLP in the C. elegans nervous system: highly branched dendrites. Our genetic characterization of dma-1 supports a model in which DMA-1 functions as an intrinsic factor on the cell-surface of dendrites that can activate dendrite branching and growth pathways. Loss-of-function mutants suffer severe reductions in PVD and FLP dendrite branching and growth. These defects are rescued in the mutant by PVD or FLP cell-specific expression of dma-1, indicating that DMA-1 acts cell autonomously to regulate this phenotype. Notably, overexpression of dma-1 was sufficient to generate a highly overbranched PVD morphology, indicating that the level of DMA-1 is rate-limiting for generating dendritic branches. This property is similar to what has been observed in D. melanogaster dendritic arborization neurons, where expression levels of the transcription factor CUT determine the degree of dendritic branching. Similarly, with DMA-1, we identified a factor intrinsic to PVD whose expression level determines the level of PVD dendritic branching. Instead of a transcription factor, however, we identified a cell-surface receptor, suggesting that a rate-limiting control of dendrite branching in PVD is the processing of external cues by surface receptors.
Dendritic morphology is regulated by both growth-promoting and growth-inhibiting factors. In D. melanogaster, self avoidance is elegantly mediated by the strict homotypic binding properties of different splice variants of the cell adhesion molecule DSCAM 35 . Recent time lapse imaging of PVD tertiary branches in C. elegans suggest that selfavoidance in PVD is also initiated by branch-branch contact 19 . When dma-1 was overexpressed, we observed a loss of self avoidance between the PVD tertiary branches in addition to overbranching, indicating that the mechanisms that regulate self-avoidance are diminished and/or no longer sufficient in these worms. Given that DMA-1 promotes dendritic growth, as well as branching, it is possible that the growthpromoting signals provided by overexpressed DMA-1 overpower the contact-dependent mechanisms that control tertiary length.
The specific expression pattern of DMA-1 prompted us to ask whether DMA-1 is sufficient to generate dendritic branches. We observed ectopic branches in PDE and PLM when we ectopically expressed DMA-1 in these morphologically simple neurons, providing additional evidence that DMA-1 is sufficient to at least partially activate dendrite branching pathways. Of note, the degree of ectopic branching on PDE and PLM was clearly lower than the amount of branching usually seen in PVD and FLP, indicating that we have not fully recapitulated the molecular pathways involved in DMA-1-mediated branching. It is possible that, although PDE and PLM processes are often in close proximity to PVD processes, they still do not receive all of the appropriate external cues and/or binding partners that activate DMA-1 in PVD. It is also possible that PDE and PLM do not have sufficient levels of intracellular factors, such as high levels and distal localization of golgi and endosomes, necessary for building a highly branched structure. Ectopic branches in PDE were found at a highly stereotyped location on the PDE commissure, suggesting that the activating partner of DMA-1 is spatially regulated and that DMA-1 is involved in local cell-cell interactions that activate branching. This would make DMA-1 the first contactdependent receptor known to promote dendritic branching. The stereotyped nature of dendritic structures in general has long been appreciated, suggesting a requirement for close interaction between a neuron and its surrounding tissue for proper spatial regulation of dendrite branching 1,2 . Yet the surface proteins involved in cell-cell interactions that activate dendritic branching are not well established. Diffusible factors, such as Slit or semaphorins, nerve growth factor, and brain-derived neurotrophic factor have been shown to influence aspects of dendrite morphology, but these are not dependent on cell-cell contact 6, 36, 37 . The immunoglobulin superfamily protein Turtle has been suggested to restrict dendrite branching in low-complexity dendritic arborization neurons in Drosophila 38 .
The identification of proteins that interact with DMA-1 will be an important step in determining the extracellular mechanism of DMA-1 activation.
Besides PVD and FLP, expression of DMA-1 could be transiently detected in other head neurons and ventral cord motor neurons. These neurons did not display extensive branching, suggesting that they perhaps utilize DMA-1 primarily to regulate growth of processes. Notably, besides FLP, the head neurons that displayed the most consistent expression of DMA-1 elaborated processes that grew along the dorsal and ventral sublateral cords, which are the same boundaries along which the tertiary branches of PVD grow. These data suggest that DMA-1 may be involved in regulating growth and branching along the sublateral boundaries and support the model that the activating ligand of DMA-1 may be localized in these regions.
On the basis of sequence alone, the identity of a DMA-1-binding partner is difficult to predict. The LRR structural motif forms a curved solenoid structure that provides a surface that is suited for many types of protein-protein interactions 39 . For example, LRR domains have been shown to interact with the Ig domains in Robo 40 , the LNS domains of neurexin 24 and the N-terminal domain of human E-cadherin 41 . Although the variety of potential interactors may make identification of LRR binding partners more difficult, it is precisely this combination of breadth and specificity that makes LRR transmembrane proteins particularly intriguing candidates for mediating the complexity of nervous system development and function. To the best of our knowledge, DMA-1 is the first transmembrane LRR protein that has been shown to function in nervous system development in C. elegans and is the first transmembrane LRR protein to be implicated in dendritic branching. A close homolog to DMA-1 exists in a r t I C l e S flies (reduced ocelli), which is expressed throughout the nervous system 42 , suggesting that interactions involving this class of extracellular LRR transmembrane proteins will be conserved in nervous system development of other species.
METhODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/.
Note: Supplementary information is available on the Nature Neuroscience website.
